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SUMMARY
Cell-based therapies to treat retinal degeneration are
now being tested in clinical trials. However, it is not
known whether the source of stem cells is important
for the production of differentiated cells suitable for
transplantation. To test this, we generated induced
pluripotent stemcells (iPSCs) frommurine rod photo-
receptors (r-iPSCs) and scored their ability to make
retinae by using a standardized quantitative protocol
called STEM-RET. We discovered that r-iPSCs more
efficiently produced differentiated retinae than did
embryonic stem cells (ESCs) or fibroblast-derived
iPSCs (f-iPSCs). Retinae derived from f-iPSCs had
fewer amacrine cells and other inner nuclear layer
cells. Integrated epigenetic analysis showed that
DNA methylation contributes to the defects in
f-iPSC retinogenesis and that rod-specific CTCF
insulator protein-binding sites may promote r-iPSC
retinogenesis. Together, our data suggest that the
source of stem cells is important for producing retinal
neurons in three-dimensional (3D) organ cultures.
INTRODUCTION
Retinal degeneration affects millions of people each year world-
wide, and cell-based therapies are now being tested for the
treatment of age-related macular degeneration (AMD), Stargardt
disease, and retinitis pigmentosa (Cramer and MacLaren, 2013;
Ramsden et al., 2013). For example, embryonic-stem-cell (ESC)-
based therapies to replace retinal pigmented epithelial (RPE)
cells are currently in clinical trials (https://ClinicalTrials.gov
Identifiers NCT01691261, NCT01344993, and NCT01345006),
and preclinical studies have demonstrated the feasibility of
similar approaches to replace photoreceptors lost to retinal
degeneration (MacLaren et al., 2006; Pearson et al., 2012).
Both ESCs and induced pluripotent stem cells (iPSCs) have
been shown to produce RPE cells and photoreceptors in culture
(Buchholz et al., 2009; Eiraku et al., 2011; Meyer et al., 2009;
Nakano et al., 2012; Zhong et al., 2014), but there are important
differences among these stem cell populations that may sub-
stantially affect cell transplantation. For example, individual
iPSC lines may retain epigenetic marks of the differentiated cells
they were derived from, which, in turn, can influence their effi-
ciency to produce different lineages (Kim et al., 2010). Indeed,
iPSCs derived fromprimary human fetal RPE cells retainmemory
of their previous differentiation state and exhibit a preference to
redifferentiate into RPE cells (Hu et al., 2010). In some iPSC lines,
this epigenetic memory decreases with each passage in culture
(Kim et al., 2010), but some forms of epigenetic memory may be
more stable and can be exploited in selecting iPSC lines for
stem-cell-based therapies (Hargus et al., 2014). To date, most
studies of epigenetic memory in iPSCs have focused on DNA
methylation, but higher order chromatin organization mediated
by insulator elements such as CTCF may also play a role in
iPSC epigenetic memory (Narendra et al., 2015).
Sasai and coworkers showed that eye field specification, optic
cup formation, and retinal differentiation can be achieved in
three-dimensional (3D) cultures of human and mouse ESCs (Eir-
aku and Sasai, 2012a, 2012b; Eiraku et al., 2011; Nakano et al.,
2012). A more recent study that used a modification of the Sasai
protocol showed that human iPSCs derived from fibroblasts can
also produce retinae (Zhong et al., 2014). However, it is not
known whether the source of stem cells is important for retinal
differentiation, functional integration, and survival when trans-
planted (Assawachananont et al., 2014; Gonzalez-Cordero
et al., 2013).
In this study, we compared the retinal differentiation of
iPSCs derived from either murine fibroblasts (f-iPSCs) or rod
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Figure 1. Quantitation of Retinal Specification and Differentiation by the STEM-RET Protocol
(A) Timeline of the STEM-RET protocol corresponding to eye field specification (days 0–7), optic cup formation (days 7–10), and retinal differentiation
(days 10–28). The arrowheads indicate additional manipulations. MM1, maturation medium 1; MM2, maturation medium 2.
(B) Micrograph of an ESC aggregate 24 hr after plating at the time of addition of Matrigel.
(C) Micrograph of the ESC aggregate on day 4 in culture showing outcropping of the early eye fields (arrows).
(D) Micrograph of EB5:Rx-GFP on day 7 in culture with expression of the Rx-GFP transgene in the optic vesicles (arrows).
(legend continued on next page)
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photoreceptors (r-iPSCs) by using a quantitative protocol for
monitoring retinal development in culture called STEM-RET.
We discovered that the source of iPSCs had a significant impact
on the efficiency and structure of retinae formed in 3D organ cul-
tures. By integrating the retinal differentiation data with epige-
netic profiling, we identified a new mechanism that contributes
to these differences between iPSC lines. Our results suggest
that the source of stem cells for cellular transplantation in the
retina may be an important consideration, and we provide a plat-
form for comparing the retinal differentiation and epigenetic
memory of different stem cell populations.
RESULTS
Quantitation of Retinogenesis from Murine ESCs
To quantify retinogenesis from murine ESCs and iPSCs, we
incorporated molecular, cellular, and morphologic scoring
criteria into a quantitative STEM-RET protocol (Figure 1A). The
timeline of STEM-RET corresponded to eye field specification
during the first 7 days in culture, optic cup formation from days
7–10, and retinal differentiation from days 10–28 (Figure 1A).
As a benchmark for STEM-RET, we used the EB5:Rx-GFP mu-
rine ESC line, which efficiently produces eye field, optic cup,
and retinae in culture (Figures 1B–1G and S1) (Eiraku et al.,
2011). Transmission electron microscopy (TEM) analysis re-
vealed the presence of several hallmarks of normal retinae in
the tissue derived from murine ESCs, such as photoreceptor
inner segments, outer limiting membranes, photoreceptor termi-
nals, and other cellular features associated with the inner nuclear
layer (INL) and ganglion cell layer (Figures 1H and S1).
For eye field specification, we scored eye field induction effi-
ciency (EFE), eye field induction specificity (EFS), and eye field
proliferation (EFP) at day 7 (Figure 1I). For optic cup formation,
we scored optic cup efficiency (OCE) and optic cup frequency
(OCF) at day 10 (Figure 1I). To measure retinal differentiation
(days 10–28), we analyzed 15 retinal differentiation genes by
qPCR (retinal differentiation qPCR; RDQ), 18 morphologic
criteria by TEM (retinal differentiation electron microscopy;
RDEM), and 9 proteins by immunofluorescence on cryosections
(retinal differentiation immunofluorescence; RDIF) (Figure 1I; Ta-
ble S1). For the RDQ score, the normalized expression of each
gene relative to that in postnatal day 12 (P12) murine retinae
was calculated, and then those scores were averaged across
all genes so that a score of 1.0 would be equivalent to mature
retina. The immunostained sections and electron micrographs
were blind scored, and the data were averaged so that a score
of 1.0 would be equivalent to mature retina. To combine individ-
ual eye field (EFE, EFS, and EFP), optic cup (OCE and OCF), and
retinal differentiation (RDQ, RDIF, and RDEM) scores into a
single integrated score, we calculated an unweighted average.
The EB5:Rx-GFP ESC line had integrated scores of 0.68 on
EFS, 0.73 on OCF, and 0.81 on RDIF from six replicate experi-
ments with more than 1,000 individual sphere cultures (Figures
1I and 1J; Table 1; Table S1).
Generation and Characterization of Stem Cell Lines
To determine whether the source of stem cells influences retino-
genesis, we developed f-iPSC and r-iPSC lines (Table 1). The
f-iPSCs were produced with amixture of retroviruses expressing
Oct3/4, Klf4, and Sox2 or by using a reprogrammable mouse
strain (Col1a1-OKSM;Rosa26-M2rtTA) (Stadtfeld et al., 2010).
We also generated f-iPSCs from Nrl/ murine embryonic
fibroblasts (MEFs) (Table 1). The Nrl gene encodes the neural
retina-specific leucine zipper protein that is required for rod
photoreceptor cell fate specification and differentiation (Mears
et al., 2001). We produced Nrl/ f-iPSCs to determine whether
the defects in photoreceptor development could be recapitu-
lated in culture using STEM-RET.
The r-iPSCs were generated from Nrl-GFP;Col1a1-OKSM;
Rosa26-M2rtTA mice with GFP-labeled rod photoreceptors
(Figure 2A). Mature GFP+ rod photoreceptors were purified by
fluorescence-activated cell sorting (FACS) and mixed in limiting
dilution with 1.5 3 106 P0–P5 C57Bl/6 P0–P5 retinal cells in
retinal pellets maintained in culture on polycarbonate filters (Fig-
ure 2B; Supplemental Information). This procedure was essential
because purified rod photoreceptors do not survive when main-
tained as single cells (data not shown). Doxycycline (2 mg/ml) was
added to the pellet cultures to induce expression of OKSM in the
rod photoreceptors for 10 days. Then, individual pellets were
dissociated into single-cell suspensions and plated in limiting
dilution on irradiated MEFs in the presence of leukemia inhib-
itory factor (LIF) to support the growth of r-iPSC colonies. To
directly compare the efficiencies of reprogramming and retinal
differentiation of immature and mature rod photoreceptors, we
performed the same experiment with P2–P4 Nrl-GFP;Col1a1-
OKSM;Rosa26-M2rtTA retinae (Table 1).
We also performed somatic cell nuclear transfer (SCNT) with
rod photoreceptors isolated from P6–P14 Nrl-GFP mice (Fig-
ures 2C–2F) because SCNT can rapidly erase the epigenetic
marks of differentiated cells (Hanna et al., 2010). As controls,
we used nuclei isolated from ESCs, Sertoli cells, cumulus cells,
lymphocytes, fibroblasts, and other types of immature and
mature neurons. The development to late-stage preimplanta-
tion embryos (morula/blastocysts) from rod photoreceptors
(E) Section through the optic cup shown in (D), with GFP expression (green fluorescence) and nuclei stained with DAPI (blue).
(F) Micrograph of optic vesicles at day 10 in culture just before isolating the retina for subsequent retinal differentiation culture. Chx10 immunofluorescence (red) is
shown in the lower left corner, with nuclei stained with DAPI (blue).
(G) Section through a differentiated retina using STEM-RET after 23 days in culture and immunostained for recoverin (red); nuclei were stained with DAPI (blue).
A normal P6 retina is shown for comparison.
(H) Electron micrograph of a STEM-RET-derived retina after 28 days of differentiation showing the outer limiting membrane (OLM), connecting cilium (cc), and
photoreceptor inner segments.
(I) Histograms of scoring of eye field specification, optic cup formation, and retinal differentiation for the EB5:Rx-GFP ESC line.
(J) Representative histogram of qPCR using TaqMan probes for retinal genes from STEM-RET-differentiated retinae using the EB5:Rx-GFP ESC line. G.S.,
glutamine synthetase.
Each bar represents the mean and SD of duplicate PCR reactions, and each experiment was performed in triplicate. Data are normalized to Gapdh expression
and plotted relative to normal P12 retinal expression. Scale bars, 200 mm in (B)–(D), 10 mm in (E) and (F), and 25 mm in (G). See also Figure S1.
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was comparable to that from other neuronal types (Figures 2G
and 2H). However, ESCs were produced from those blasto-
cysts at a much lower efficiency than other cell types (Figures
2I and 2J).
Immunofluorescence studies confirmed the expression of Oct,
Nanog, and SSEA1 in individual iPSC colonies (Figures 2K–2M).
We also compared the expression of seven genes that are
markers of pluripotency to EB5:Rx-GFP ESCs by qPCR (Fig-
ure 2N). To directly test the pluripotency of individual iPSC lines,
we injected them into the flanks of immunocompromised mice.
Immunohistochemical staining of the resulting teratomas showed
that the iPSCs can form mesodermal-, endodermal-, and ecto-
dermal-derived lineages (Figure 2O). In total, we selected 12
f-iPSC lines, 8 r-iPSC lines, and 3 SCNT lines that had stable
karyotypes and were fully reprogrammed for testing by STEM-
RET (Table 1).
Retinogenesis from Murine iPSCs
We performed STEM-RET differentiation on the 23 stem cell
lines described earlier. All experiments included the EB5:Rx-
GFP ESC line as an internal control, and more than 10,000 in-
dividual cultures were scored (Tables 1 and S1). All iPSC lines,
except iPS11, underwent eye field specification, optic cup for-
mation, and retinal differentiation (Figures 3A–3D; Tables 1 and
S1). However, the EFE, EFS, and OCE scores were lower than
that for the EB5:Rx-GFP ESC line (Figures 3E and 3F; Supple-
mental Information). Early-passage r-iPSCs (passages 7–10)
were less efficient than late-passage r-iPSCs (passages 23–
27) at producing eye field, optic cup, and retinae (Table S1).
Late-passage r-iPSCs from immature rod photoreceptors
were 40-fold more efficient than EB5:Rx-GFP ESCs in produc-
ing differentiated retinae, and late-passage r-iPSCs from
mature rods were 12-fold more efficient than EB5:Rx-GFP
ESCs in producing retinae (Figure 3G). The efficient retinal dif-
ferentiation of immature and mature rod-derived iPSCs was
maintained to at least passage 50 (data not shown). Lines
7601, 3301, 3302, and 8604 were as much as 70-fold more effi-
cient than EB5:Rx-GFP and 84-fold more efficient than f-iPSCs
at producing differentiated retinae (Figure 3G; Supplemental
Information).
To determine whether improved retinal development came
at the expense of other lineages, we performed cortical and
osteogenic differentiation (Supplemental Information). Analysis
of Foxg1, Pax6, Tbr1, Tbr2(Eomes), and Reelin expression by
qPCR showed a subtle reduction in Pax6 expression and a
more pronounced reduction in Tbr1, Tbr2, and Foxg1 gene
Table 1. Stem Cell Lines Used for STEM-RET
Line Source Method Type EF OC RD Total
EB5 RIKEN NA ESC 0.39 0.31 0.54 0.41
EB5:RxGFP RIKEN NA ESC 0.68 0.73 0.85 0.75
iPS7 MEF viral iPSC 0.52 0.63 0.81 0.65
iPS11 MEFNrl/ viral iPSC 0.36 0.11 NA NA
FDN01 MEFOKSM;Nrl/ OKSM iPSC 0.34 0.54 0.66 0.51
FDN02 MEFOKSM;Nrl/ OKSM iPSC 0.36 0.42 0.60 0.46
FNR01 MEFOKSM OKSM iPSC 0.43 0.76 0.55 0.58
FNR02 MEFOKSM OKSM iPSC 0.39 0.7 0.52 0.54
FNR03 MEFOKSM OKSM iPSC 0.43 0.68 0.54 0.55
FNR04 MEFOKSM OKSM iPSC 0.44 0.59 0.58 0.54
FNR05 MEFOKSM OKSM iPSC 0.48 0.71 0.66 0.62
FNR06 MEFOKSM OKSM iPSC 0.43 0.54 0.56 0.51
FNR07 MEFOKSM OKSM iPSC 0.42 0.64 0.66 0.57
FNR08 MEFOKSM OKSM iPSC 0.41 0.77 0.56 0.58
8601 (i)rodOKSM OKSM iPSC 0.41 0.54 0.76 0.57
8602 (i)rodOKSM OKSM iPSC 0.44 0.75 0.87 0.69
8603 (i)rodOKSM OKSM iPSC 0.48 0.51 0.88 0.62
8604 (i)rodOKSM OKSM iPSC 0.48 0.66 0.78 0.64
7601 (m)rodOKSM OKSM iPSC 0.42 0.59 0.88 0.63
7602 (m)rodOKSM OKSM iPSC 0.31 0.61 0.92 0.61
3301 (m)rodOKSM OKSM iPSC 0.43 0.51 0.96 0.63
3302 (m)rodOKSM OKSM iPSC 0.33 0.60 0.86 0.60
SCN150 rodNrl-GFP SCNT ESC 0.42 0.36 0.54 0.44
SCN194 rodNrl-GFP SCNT ESC 0.42 0.48 0.33 0.41
SCN212 rodNrl-GFP SCNT ESC 0.44 0.49 0.19 0.37
Each line is listed along with the type of stem cell, cell source, and method of reprogramming (viral, OKSM, SCNT). The integrated scores for eye field
formation (EF), optic cup formation (OC), and retinal differentiation (RD) are shown with the total combined score for each line. Some of the lines were
produced from Nrl/ MEFs as indicated. NA, not applicable; OKSM, Oct3/4, Klf4, Sox2, c-Myc reprogrammable mouse; (i)rod, immature rods at
P2–P4; (m)rod, mature rods >P21.
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expression in r-iPSCs relative to that in f-iPSCs (Figure S2). There
was slightly higher expression of Spry2 in r-iPSCs in osteogenic
differentiation experiments, but none of the other osteoblast
genes (Mef2c, Spry2, Sp7, and Runx2) or bone differentiation
genes (Bglap and Ibsp) significantly differed between the
r-iPSCs and the f-iPSCs (Figure S2).
Gene expression and DNA methylation analyses of the iPSC
and ESC lines showed that they are very similar, with correla-
tion coefficients between 0.98 and 0.99 for gene expression
and between 0.90 and 0.94 for DNA methylation (Figures 3H–
3K; Table S2). Integrated analysis of gene expression and
DNA methylation identified only 22 genes with statistically sig-
nificant differences across the f-iPSC and r-iPSC lines (Table
S2; data available upon request). Seven of the 22 genes were
expressed at significantly higher levels in f-iPSCs and had cor-
responding changes in DNA methylation, including genes impli-
cated in skin development, homeostasis, or disease (Prss8,
Grhl2, Krt8, and Raet1e/Ulbp4). Two major classes of genes
were expressed at higher levels in r-iPSCs. Genes implicated
in retinal/CNS development, homeostasis, and disease were
identified (Snord116, Prkca, and Rian), as were those impli-
cated in pathways involved in ocular immune privilege (Ifi27l1,
Irgm1, Eif2ak2, Zbp1, and Stat1) (Table S2).
f-iPSCs Produce Fewer Inner Nuclear Layer Cells
The most pronounced differences among r-iPSCs, f-iPSCs,
and EB5:Rx-GFP stem cells were associated with retinal differ-
entiation. There were significant differences in RDQ (p = 0.04),
RDEM (p = 0.003), and RDIF (p < 0.0001) for r-iPSCs and
f-iPSCs (Figures 3E and 3F). Notably, amacrine cells and other
INL cells were reduced in f-iPSCs as compared to r-iPSCs or
EB5:Rx-GFP stem cells (Table S1). The difference in retinal
differentiation was most striking in electron microscopy studies
(Figure 4A) and was independently validated by immunofluo-
rescence and qPCR (Figure 4B; Table S1). We performed
3D electron microscopy on retinae derived from r-iPSCs or
f-iPSCs, and well-formed synaptic ribbons were present in
the photoreceptor terminals (Figures 4C and 4D; Movie S1;
data not shown).
To determine whether the differences in retinal differentiation
between r-iPSCs and f-iPSCs were the result of changes in
retinal progenitor cell proliferation, we performed an EdU
(5-ethynyl-20-deoxyuridine) pulse-labeling experiment on days
14, 21, 23, and 28 for side-by-side cultures of f-iPSC (FNR05
and FNR07) and r-iPSC (8601, 8604, and 7602) lines. The retinal
progenitor cells underwent interkinetic nuclearmigration with the
S-phase at the basal surface of the retina and mitosis at the
apical surface in these cultures (Figure 4F). The proportion of
S-phase cells on days 14, 21, 23, and 28 was indistinguishable
for f-iPSCs and r-iPSCs (Figure 4F). These data were similar to
those obtained for EB5:Rx-GFP stem cells at the same time
points (data not shown).
For the ESC lines derived by SCNT of rod photoreceptor
nuclei (Table 1), the eye field score was 0.43 ± 0.02, the optic
cup score was 0.44 ± 0.07, and the retinal differentiation score
was 0.35 ± 0.17. In the cryosections and electron micrographs,
retinal cell types were present but lacked clear laminar organiza-
tion. It is not known whether EB5:Rx-GFP is typical of ESC
lines or whether the inefficient retinal differentiation of SCN194,
SCN212, and SCN150 is more representative of murine ESC
lines. To distinguish between these possibilities, we obtained
the original EB5 ESC line that was used to make the EB5:Rx-
GFP knockin line (Figure S3). We performed STEM-RET differen-
tiation with EB5 and EB5:Rx-GFP and found that the EB5 parent
line was very similar to that of SCN194, SCN212, and SCN150
and was inefficient at retinal differentiation (Figure S3; Tables 1
and S1). We performed whole-genome sequencing of the
EB5 and EB5:Rx-GFP lines and identified single-nucleotide var-
iations (SNVs) that have been acquired by the EB5:Rx-GFP line
(Figure S3). However, none of those variations were in genes
that are important for neurogenesis (data not shown). DNA
methylation analysis of the EB5 and EB5:Rx-GFP lines identified
phosphoprotein and alternative splicing as the pathways that
differed the most (Figure S3; data not shown).
Genetic and Pharmacologic Manipulation of Retinal
Development using STEM-RET
To determine whether Nrl/ f-iPSCs recapitulate the defect in
rod differentiation found in Nrl/ mice (Mears et al., 2001), we
performed a gene expression array analysis of Nrl/ and
Nrl+/+ f-iPSC-derived retinae (day 28). As expected, rod photo-
receptor genes were downregulated, and S-cone genes were
upregulated in Nrl/ f-iPSC-derived retinae (Figure 5A). The
downregulation of rhodopsin was verified by immunofluores-
cence and qPCR (Figures 5B and 5C).
Exogenous factors such as retinoic acid (RA) can promote
photoreceptor differentiation (Hyatt et al., 1996), and RA is
included for 4 days in STEM-RET. To determine whether r-iPSCs
were responsive to additional RA treatment, we added 0.5 mM
RA to the differentiation medium for the entire differentiation
period (days 10–28) in STEM-RET, and gene expression was
analyzed by qPCR. The expression of photoreceptor genes
such as recoverin and Crx increased at the expense of other
retinal cell-type-specific genes (Figure 5D).
In previous studies on epigenetic memory of iPSCs derived
from neural progenitor cells, treatment with 5-azacytidine and tri-
chostatin A (AZA/TSA) improved the cells’ ability to form blood
lineages (Kim et al., 2010). We treated a f-iPSC line (FNR07),
an r-iPSC line (8601), and EB5:Rx-GFP cells with AZA/TSA as
done previously (Kim et al., 2010) (Table S1). The AZA/TSA-
treated EB5:Rx-GFP cells were very similar to the untreated
EB5:Rx-GFP cells (Table S1). For the r-iPSCs, the optic cup
score improved, but the eye field and retinal differentiation
scores were similar for untreated and AZA/TSA-treated 8601
r-iPSCs (Table S1). For the f-iPSCs, the retinal score improved
from 0.67 to 0.90 after AZA/TSA treatment, and the INL defect
was partially rescued (Figure 5E; Table S1).
Rod Photoreceptor Epigenetic Memory
We analyzed the correlation between DNA methylation in the
different stem cell populations and gene expression in differ-
entiated retinae derived from these lines. Although no anno-
tated genes achieved statistical significance, several trends
were consistent with the loss of INL cells in the f-iPSC derived
retinae. For example, we found that Lhx9 was hypermethy-
lated in all eight of the f-iPSC lines relative to the r-iPSC lines
or the EB5 line (Figure 5F). The hypomethylation of Lhx9 in
r-iPSCs was associated with higher expression in retinae
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Figure 2. Generation and Characterization of Stem Cell Lines
(A) Micrograph of adult retina with expression of Nrl-GFP transgene (green) in rod photoreceptors. DOX, doxycycline; ONL, outer nuclear layer; GCL, ganglion
cell layer.
(B) Scheme for the production of r-iPSCs from rod photoreceptors. Oct3/4, Klf4, Sox2, c-Myc reprogrammable mouse. iPS, induced pluripotent; IR-MEFs,
irradiated MEFs.
(C and D) Micrographs of dissociated P12 Nrl-GFP retinae showing individual rod photoreceptors (arrows).
(E) Plot of the FACS distribution of GFP+ cells from P12 Nrl-GFP retinae. The gray shaded box represents the GFP cells that were discarded.
(F) Serial micrographs showing the isolation of individual rod photoreceptor nuclei for SCNT.
(G) Histogram of the efficiency of morula/blastocyst formation for different cell populations. For the rod photoreceptors (green bars), SCNT was performed with
FACS-sorted cells and acute-dissociation cultures. The numbers above the green bars represent the number of morula/blastocysts formed per nuclear transfer.
(legend continued on next page)
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derived from those lines (Figure 5G). Lhx9 is expressed in the
INL cells of the developing retina and has been implicated in
eye morphogenesis (Alunni et al., 2007; Balasubramanian
et al., 2014; Pottin et al., 2011). Differences in DNA methyl-
ation were correlated with changes in protein expression in
retinae derived from r-iPSCs or f-iPSCs (Figure 5H). In addition
to CpG DNA methylation, we identified several genes involved
in retinal development, stress response, and degeneration
(Lrrk2, Rbbp7, Ebf1, Cxcl2, Dlx5, Nfasc, and Btrc) that had
elevated 5-hmC promoter levels in r-iPSCs. Several genes
involved in epithelial cell transport also had elevated 5-hmC
levels in f-iPSCs (Slc19a1, Clca5, Yipf4, Shisa2, and Stip1)
(Table S3).
To further refine the differential epigenetic landscape, we per-
formed chromatin immunoprecipitation sequencing (ChIP-seq)
analysis on EB5:Rx-GFP, SCN150, FNR07, and 8601 lines by
using antibodies to CTCF, H3K27me3, H3K36me3, H3K4me3,
H3K9/14Ac, H3K9me3, and H3K4me1. We performed hidden
Markov modeling (HMM) and defined 11 chromatin states in
these stem cell populations (Figure 6A). States 1 and 2 have a
strong signature for H3K36me3, which is often found in gene
bodies. State 3 has only H3K4me1, which is associated with
latent enhancers, and states 4–6 have profiles consistent with
actively transcribed genes. States 7 and 8 have strong signals
for H3K27me3, which is indicative of polycomb-repressed or
bivalent genes. State 9 has none of the marks tested in this
study; state 10 has H3K9me3-repressed chromatin, and state
11 is associated with CTCF and H3K4me1 marks. As expected,
the distribution of the 11 chromatin states was very similar
across the ESC and iPSC lines at a genome-wide level (Figures
6B–6E). The histone marks that are associated with active
promoters (H3K4me3 and H3K9/14Ac) were similar across the
lines, with a 0.98 correlation coefficient for peak occupancy for
H3K4me3 between r-iPSC and f-iPSC and 0.95 for peak occu-
pancy for H3K9/14Ac (Figures 6F and 6G; Table S3). In contrast,
the CTCF insulator mark had a correlation coefficient of 0.66 for
peak occupancy between the r-iPSC and the f-iPSC lines (Fig-
ures 6H and 6I; Table S3). To determine whether any of the
genes with differential CTCF binding in r-iPSCs and f-iPSCs
were involved in retinal development, we analyzed a series of
cell-type-specific genes previously identified and validated by
single-cell gene expression analysis (Cherry et al., 2009; Tri-
marchi et al., 2007, 2008). This included 59 amacrine cell genes,
111 cone genes, 179 rod genes, 75 ganglion cell genes, 345
progenitor cell genes, 54 genes involved in proliferation, and
23 housekeeping genes as controls. All of the cell-type-specific
epigenetic data are available upon request. Among these 846
genes, the mark that was most differential across r-iPSCs and
f-iPSCs was CTCF, and the cell type that had the highest propor-
tion of differential CTCF peaks was rod photoreceptors (Fig-
ure 6J). Rod-specific genes with enriched CTCF peaks included
Aipl1, Rhod, Prom1, Gnat1, Stx3, and Unc13b (Figures 6J, 6K,
and S5).
To determine whether the differences in CTCF binding in the
r-iPSCs and f-iPSCs have any functional significance relevant
to chromatin domains (Dowen et al., 2014; Hou et al., 2010;
Phillips and Corces, 2009; Wang et al., 2012), we performed a
pairwise comparison of the boundaries between each of the 11
chromatin states defined by HMM in each of the stem cell lines.
The genome-wide occurrences of flanking HMM state pairs at
the transitions between different HMM states were counted in
each stem cell line. After removal of pairs to/from state 9 (the
empty state), a flanking-state enrichment score for each flanking
pair was calculated as the ratio between observed occurrence
and expected occurrence. A value of 1.0 indicates that the state
junction occurrence is exactly as predicted by chance. A value
greater than 1 indicates enrichment of that state junction, and
a value less than 1 indicates a depletion of the state junction (Ta-
ble S3). Our data show that, for state 11 (strong CTCF binding
only), the transition to/from state 8 (polycomb repressed with
strong H3K27me3 only) is the most enriched transition. For state
8, the most enriched transition is to/from state 7 (CTCF with
broad H3K27me3 peaks overlapping with sharp H3K4me3
peaks at poised promoters).
DISCUSSION
We developed STEM-RET, a quantitative protocol to measure
eye field specification, optic cup formation, and retinal differen-
tiation from stem cell populations. We tested the efficiency of
f-iPSCs from retroviral transduction and reprogrammable mice
and showed that f-iPSCs developed by either method produce
retinae in culture. However, compared with retinae produced
from murine ESCs or rod-derived iPSCs, these retinae had de-
fects in the generation of amacrine cells and other INL cells.
The r-iPSCs were more efficient than other stem cell populations
at producing differentiated retinae, and this efficiency was
maintained for at least 50 passages in culture. Our results sup-
port the idea that iPSCs can be used to model genetic defects
associated with retinopathies and can be pharmacologically
manipulated to modulate retinal differentiation. Lhx9 was hyper-
methylated in f-iPSCs, which correlated with a reduction in Lhx9
expression in retinae derived from f-iPSCs. Our findings suggest
that epigenetic memory, mediated in part by CTCF, can affect
(H) Micrograph of a blastocyst derived from a rod photoreceptor by SCNT.
(I) Histogram of the percentage of nuclear transfers (NT) that led to the production of ESC lines for the cell populations shown in (E).
(J) Histogram of the proportion of blastocysts/morula that produced ESC lines. Mitral neuron is shown for comparison.
(K–M) Immunofluorescence staining of individual colonies of FNR07 for SSEA1, Oct4, and Nanog (red fluorescence, arrows) with DAPI-stained nuclei (blue
fluorescence).
(N) Histogram of qPCR for stem cell genes. Each bar represents the mean and SD of triplicate experiments, and all data are normalized to Gapdh and plotted
relative to the EB5:Rx-GFP line (blue dashed line).
(O) Micrographs of immunostaining and H&E staining of teratomas derived from the FNR07 line. Representative regions with mesodermal-, endodermal-, and
ectodermal-derived lineages are shown.
Scale bars, 10 mm for (A), 25 mm for (C) and (D), and 10 mm for (K)–(M); DIC, differential interference contrast microscopy; SSEA1, stem-cell-expressed antigen 1.
See also Table S1.
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Figure 3. Differentiation of Stem Cell Lines
(A) Micrograph of FNR07 cell aggregate 24 hr after plating at the time of adding Matrigel.
(B) Micrograph of FDN02 cell aggregate at day 3 in culture, showing growth and formation of the neuroepithelium.
(C) Photograph of retinal pinches at day 11 with extensive pigmentation.
(D) Section through the day-28 retina with recoverin immunofluorescence (red) to label photoreceptors and nuclei stained with DAPI (blue).
(E) Boxplot of scoring for eye field specification, optic cup formation, and retinal differentiation for eight fibroblast-derived lines, with EB5:Rx-GFP values
represented by gray bars.
(F) Boxplot of scoring for eye field specification, optic cup formation, and retinal differentiation for eight rod-derived lines, with EB5:Rx-GFP values represented
by gray bars.
(G) Histogram of retinal differentiation as measured by combined qPCR for 15 genes of retinal differentiation relative to EB5:Rx-GFP for immature r-iPSCs
derived from immature rods (i), mature rods (m), and f-iPSCs. The combined data (r-iPSC*) are plotted for samples that scored 15/15 by qPCR for the retinal-
derived iPSCs.
(H) Scatterplot of gene expression for a representative r-iPSC line (8601) and f-iPSC (FNR07). RNA-seq, RNA sequencing.
(legend continued on next page)
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retinal development and that retinal neuron-derived iPSCs can
be a useful renewable source of cells to produce photoreceptor
precursors.
Quantitative Assessment of Retinal Differentiation by
STEM-RET
The development of a method to produce retinae in 3D cultures
from human and mouse ESCs was an important advance in
retinal biology because these organ cultures recapitulate several
molecular, cellular, and morphologic features of normal retinal
development (Eiraku et al., 2011). Our quantitative and standard-
ized method to compare retinal differentiation across stem cell
lines (STEM-RET) focuses on the key steps in retinal develop-
ment, including eye field specification, optic cup formation,
and retinal differentiation, and it incorporates complementary in-
dependent assays to analyze retinal differentiation. This quanti-
tative procedure was essential for our studies on r-iPSCs and
f-iPSCs because it allowed us to pinpoint the defect in retinogen-
esis in f-iPSCs. It also allowed us to directly compare the
parental EB5 ESC line to the EB5:Rx-GFP line. It is not known
whether the genetic or epigenetic differences account for the
disparity between these lines in terms of their efficiency of retinal
differentiation. During the process of selecting an individual
EB5:Rx-GFP clone when the line was made, the investigators
may have selected the line that was particularly efficient at
neuronal/retinal differentiation. This may explain why the EB5
parent line and the three SCNT ESC lines that we developed in
this study are not efficient at retinal differentiation. As the field
expands, STEM-RET may become an important tool with which
to compare and contrast various human and murine stem cell
populations tested in different laboratories. It is also very useful
for quantifying differences in retinal differentiation after pharma-
cologic or genetic manipulation.
Retinal Differentiation from Diverse Stem Cell
Populations
There was no significant difference in retinal differentiation
from f-iPSCs derived from the reprogrammable mouse or by
viral transduction, except that f-iPSCs derived by viral trans-
duction had low expression of Meg3, a marker of reprogram-
ming (Buganim et al., 2013; Carey et al., 2011). In our study,
Meg3 expression was not predictive of the ability of a line to
produce retina by using STEM-RET, but additional lines need
to be characterized to confirm whether this generally holds
true for iPSCs. We also tested several lines with abnormal
karyotypes to determine whether the karyotypic changes that
can occur during the cloning of iPSCs affect retinal differentia-
tion. In general, we found no correlation between karyotype
and retinal differentiation. Some lines with significant aneu-
ploidy produced retinae as efficiently as those with normal kar-
yotypes (data not shown).
Researchers have found that, by using a modified protocol
from the Gamm lab, they could produce properly laminated
INL cell populations from human f-iPSCs (Zhong et al., 2014;
Meyer et al., 2011; Phillips et al., 2012), but we did not
observe this in our studies on mouse f-iPSCs. Although the
source of fibroblasts differed (embryonic versus adult), impor-
tant species differences may exist, and caution needs to be
exercised in directly extrapolating data from mouse models
to humans.
Reprogramming Retinal Neurons
In attempts to reprogram cortical neurons, Kim et al. (2011)
found that the expression of Oct3/4, Sox2, Klf4, and c-Myc
was not sufficient to produce iPSCs and that p53 needed to
be inactivated for efficient reprogramming. Our data on retinal
neurons are consistent with that study. Our initial attempts to
produce iPSCs from retinal neurons by using the reprogram-
mable mouse failed because retinal neurons do not survive in
culture long enough to support reprogramming when plated as
dissociated cells. An advantage of the retina is that it can be
maintained in culture as an explant on polycarbonate filters,
and chimeric retinal pellets have been extensively used to study
retinal development and cell-cell signaling (Belliveau and Cepko,
1999; Belliveau et al., 2000; Morrow et al., 1998). Therefore, we
reasoned that retinal neuron reprogramming could be achieved
using mosaic retinal pellet cultures produced by mixing reprog-
rammable retinal neurons with normal retinal cells in retinal-
explant mosaic pellets. By using this system, we efficiently
reprogrammed rod photoreceptors at two developmental stages
without the need to inactivate p53. Whether this is a unique
feature of retinal neurons or whether more efficient reprogram-
ming could be achieved using similar mosaic culture approaches
for cortex, cerebellum, or other regions of the CNS remains
unknown.
Epigenetic Memory of r-iPSCs
To establish an association between the defect in amacrine/
INL cell production from f-iPSCs and changes in the epige-
netic landscape, we analyzed the DNA methylation of 60
genes that are enriched in amacrine cells by single-cell array
analysis (Cherry et al., 2009). Of those genes, Lhx9 showed
an increase in DNA methylation and reduced expression in
retinae derived from the eight independent f-iPSC lines.
Lhx9 is expressed in the developing ganglion cell layer and
in postmitotic cells of the INL during development. In the adult
mouse retina, Lhx9 is expressed in a subset of mature ama-
crine cells (Balasubramanian et al., 2014). Lhx9 expression is
altered in blind cavefish (Astyanax mexicanus), compared
with that in surface fish (Alunni et al., 2007), and rescue of
eye morphogenesis by altering fibroblast growth factor (FGF)
signaling restores Lhx9 expression (Pottin et al., 2011).
Lhx9-deficient mice have defects in male and female gonad
formation but are otherwise normal, despite broad expression
in the developing CNS and other tissues (Birk et al., 2000).
Although our results suggest that Lhx9 hypermethylation is
(I) Correlation matrix for gene expression across stem cell lines based on RNA sequencing analysis.
(J) Scatterplot for DNA methylation for a representative r-iPSC line (8601) and f-iPSCline (FNR07).
(K) Correlation matrix for DNA methylation across stem cell lines.
Scale bars, 200 mm for (A) and (B) and 25 mm for (D). See also Figure S2 and Table S2.
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Figure 4. f-iPSCs Have Defects in Retinal Differentiation
(A) Electron micrograph montage of r-iPSC- and f-iPSC-derived retinal tissue at day 28.
(B) Immunofluorescence of adult retinae and r-iPSCs and f-iPSCs at day 28 for Pax6 (red, arrows) and nuclei (blue).
(C) Synaptic ribbon (green) in a retina from r-iPSCs and reconstructed in 3D by using a Helios dual-beam electron microscope.
(D) Representative electron micrograph of retina derived from r-iPSCs showing synaptic ribbon (green arrow) and associated synaptic vesicles (blue arrow).
(E) Micrograph of nuclei stained with DAPI on the apical surface of a r-iPSC-derived retina (at day 21) differentiated using STEM-RET. Arrows indicate mitotic
figures along the apical edge of the retinae.
(F) Representative micrographs showing EdU staining (red, arrows) with DAPI nuclear stain (blue) on days 14, 21, 23, and 28 in culture for r-iPSCs and f-iPSCs.
The relative proportion of EdU+ cells for each sample is shown under each pair of micrographs.
Scale bars, 25 mm for (B) and (F) and 10 mm for (E). ONL, outer nuclear layer; GCL, ganglion cell layer. See also Movie S1.
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f-iPSC day 28
Figure 5. Retinal Differentiation of r-iPSCs
(A) Heatmap of the genes that are significantly upregulated (red) and downregulated (green) in retinae derived from Nrl/ or Nrl+/+ f-iPSCs by using STEM-RET.
(B) Representative immunofluorescence for rhodopsin (red) in cryosections of retinae derived from Nrl/ and Nrl+/+ f-iPSCs by using STEM-RET. Blue
fluorescence shows DAPI staining of nuclei.
(C) Histogram of qPCR results using TaqMan probes for retinal genes from STEM-RET-differentiated Nrl+/+ and Nrl/ iPSCs. Each bar represents the mean and
SD of duplicate PCR reactions, and each experiment was performed in triplicate. Data are plotted relative to Gapdh expression. Red line indicates the
normalization line of 1.0 for the wild-type.
(legend continued on next page)
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not sufficient to cause defects in retinal development in
f-iPSC-derived retinae, they provide a valuable proof of princi-
ple for the importance of quantitative and comprehensive
analysis of retinal differentiation by using different stem cell
lines and defining the optimal epigenetic landscape for retinal
differentiation in culture.
In addition to DNA methylation, our analysis of 5hmC,
H3K27me3, H3K4me1, CTCF, H3K9/14Ac, H3K9me3, and
H3K36me3 provides important insights into the epigenetic
landscape of the r-iPSCs and f-iPSCs relative to their cellular
origins. Specifically, the gene expression, global DNA methyl-
ation, and promoter and enhancer marks (H3K4me3,
H3K4me1, and H3K9/14Ac) were remarkably similar across
the r-iPSCs and f-iPSCs. This confirms at the epigenetic level
that these iPSC lines are fully reprogrammed and multipotent.
There were some differences in the pattern of repressive marks
(H3K9me3 and H3K27me3) between f-iPSCs and r-iPSCs, but
they were not enriched in retinal genes. Also, pathways
involved in neuron differentiation, synapse formation, and
axon guidance were differentially methylated, but additional
ESC lines will need to be analyzed to strengthen the correlation
between methylation differences at particular loci and the
STEM-RET score.
In contrast, differential binding of CTCF between r-iPSCs and
f-iPSCswas enriched in retinal genes, and therewas significantly
more CTCF binding in rod-specific genes than in the other cell-
type-specific genes. Although the efficiency of CTCF chromatin
immunoprecipitation may have been reduced in the f-iPSC and
SCNT lines, we do not believe that this technical artifact
accounts for these differences. In particular, genes with super-
enhancer CTCF-binding sites had similar peaks across lines,
and some regions of the genome had enriched CTCF binding
in f-iPSCs relative to that in r-iPSCs. Moreover, if the enrichment
in r-iPSC lines was nonspecific, we would predict that all cell-
type signatures would have similar enrichment of CTCF binding.
Our data show that rod photoreceptor genes were significantly
more likely to retain CTCF binding sites in the r-iPSCs relative
to f-iPSCs versus other retinal cell-type signatures or for house-
keeping genes.
CTCF is an insulator protein that separates active and
repressed domains of the genome in a cell-type-specific
manner. For example, in a comparison of CTCF-binding sites
across ESCs, liver, and brain, approximately one third of the sites
was shared across all three cell types, one third was unique to
liver, and one third was unique to brain. Moreover, only 5% of
the sites were unique to ESCs, suggesting that their CTCF distri-
bution is a ground state that ismodified as cells commit to partic-
ular lineages and differentiate (Prickett et al., 2013). If this is true,
then cellular reprogramming may erase some of the CTCF-bind-
ing sites to restore the active and repressed domains in the
genome to the multipotent stem cell state. Our data suggest
that some of those CTCF peaks associated with rod photo-
receptor differentiation are retained in r-iPSCs, and this con-
tributes to the efficient differentiation of r-iPSCs into retina. In
particular, the HMM state transition analysis suggested that
boundaries defined by CTCF, relative to polycomb-repressed
(H3K27me3) or bivalent regions (H3K27me3+H3K4me3), appear
to be particularly relevant to the functional differences between
f-iPSCs and r-iPSCs in retinal differentiation. The perturbations
in CTCF domains may also contribute to the defects in retinal-
cell-fate specification of f-iPSCs. Alternatively, changes in his-
tone modifications may affect the persistence of CTCF-binding
sites during reprogramming. In either case, these data suggest
that, in addition to DNA methylation, higher order chromatin
looping may contribute to epigenetic memory in iPSCs derived
from different cell sources.
EXPERIMENTAL PROCEDURES
Animals
All animal procedures and protocols were approved by the St. Jude Labora-
tory Animal Care and Use Committee. Col1a1-OKSM; Rosa26-M2rtTA mice
were obtained from Konrad Hochedlinger and crossed with either Nrlwt; Nrl-
GFP+ or Nrl/; Nrl-GFP+ mice provided by Anand Swaroop.
Cell Culture
Cell culture and differentiation were carried out as described previously (Eiraku
and Sasai, 2012b; Eiraku et al., 2011). A detailed protocol is provided in
Supplemental Information.
Differentiation of ESCs and iPSCs using the STEM-RET Protocol
ESCs, as well as r-iPSC and f-IPSC lines, underwent retinal morphogenesis
using a protocol previously published by Eiraku et al. (2011) as described,
except for a few notable exceptions. These changes did not appear to impact
the differentiation of the cell lines into retinal tissue. We maintained our stem
cell lines on gelatin-coated tissue-culture plates with an irradiated MEF feeder
layer. To separate the stem cells from this feeder layer, we dissociated the cells
with ESC-digest buffer (0.25% trypsin, 1 mg/ml collagenase, 20% KnockOut
Serum Replacement [KSR], 1 mM CaCl2 in PBS) and preplated them for
30 min at 37C on gelatin-coated tissue-culture plates. The amount of MEFs
remaining in the cell suspension after this preplating was negligible and did
not appear to affect the ability of a cell line to differentiate into retinal tissue.
We also extensively tested several matrigel lots, ranging from 6.0 mg/ml to
11.0 mg/ml laminin and enactin protein, and used one containing 9.2 mg/ml
protein for all STEM-RET experiments. This lot was chosen based on
(D) Histogram of qPCR using TaqMan probes for retinal genes from STEM-RET-differentiated r-iPSCs in the presence of RA, using the EB5:Rx-GFP ESC line as a
reference (red line). Each bar represents the mean and SD of duplicate qPCR reactions, and each experiment was performed in triplicate. Data are normalized to
Gapdh expression and plotted relative to normal P12 retinal expression.
(E) Histograms of scoring of eye field specification, optic cup formation, and retinal differentiation for the FDN02 iPSC line, with the EB5:Rx-GFP values
represented by gray bars. The red lines indicate the scores for FNR07 treated with 5-azacytidine (AZA). Error bars indicate SD.
(F) Diagram of themouse Lhx9 gene total coverage (gray) and unmethylated CpGs (blue) andmethylated CpGs (red) for the EB5 and EB5:Rx-GFP ESC lines. DNA
methylation pattern of the indicated intron/exon region of Lhx9 showing unmethylated CpGs (blue) and hypermethylated CpGs (red) across the indicated stem
cell lines.
(G) Boxplot of qPCR using TaqMan probes for Lhx9 in the r-iPSCs and f-iPSCs relative to EB5 and SCNT105 (red lines). The data for replicate qPCR reactions are
plotted for all eight f-iPSCs and all eight r-iPSCs. Error bars indicate SD.
(H)–(K) Immunofluorescence staining for Lhx9 (red) in normal adult mouse retina (H and I) and r-iPSC- and f-iPSC-derived retinae (J and K). Arrows indicate Lhx9+
nuclei in the INL. Nuclei are stained with DAPI (blue).
Scale bars, 25 mm in (B), 25 mm in (H), and 10 mm in (I)–(K). ONL, outer nuclear layer; GCL, ganglion cell layer. See also Figure S3.
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availability at the time of ordering. Several preliminary studies with the
Eb5:Rx-GFP line indicated that this concentration of laminin and enactin
was sufficient to induce retinal morphogenesis.
EdU-Labeling Experiments
Retinal spheres were incubated with 10 mM EdU for 2 hr at 37C. Spheres
were then fixed with 4% paraformaldehyde overnight at 4C before cryosec-
tioning and immunofluorescence labeling as described earlier. EdU labeling
was visualized with the Alexa Fluor 555 or 647 Click-iT Plus EdU kit (Life
Technologies).
ACCESSION NUMBERS
The accession number for the sequence data reported in this paper is
European Bioinformatics Institute: EGAS00001001288.
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Figure 6. Epigenetic Profiling of Stem Cell Populations
(A) HMM states used in this study.
(B–E) Profile of distribution of HMM states across genomic regions for (B) the control line (EB5), (C) the ESC line derived by SCNT of a rod nucleus (SCNT150), (D) a
representative f-iPSC (FNR07), and (E) a representative r-iPSC (8601).
(F) Scatterplot of ChIP-seq peaks (H3K4me3) for a representative r-iPSC line (8601) and a representative f-iPSC (FNR07) for the promoter regions of genes across
the genome.
(G) Correlation matrix for H3K4me3 ChIP-seq peaks across stem cell lines analyzed in this study.
(H) Scatterplot of ChIP-seq peaks (CTCF) for a representative r-iPSC line (8601) and f-iPSC line (FNR07) for promoter regions.
(I) Correlation matrix for CTCF ChIP-seq peaks across stem cell lines analyzed in this study.
(J) Plot of the differences between r-iPSC and f-iPSC lines for cell-type-specific signatures for each histone or epigenetic mark analyzed in this study. The bar
represents the median for each mark. The circled marks represent the rod photoreceptor gene signature for each mark.
(K) Representative CTCF ChIP-seq peaks for a rod photoreceptor gene (Stx3) with peaks flanking the transcriptional start (3) and termination (2). Peak 1 is at the
50 end of an adjacent gene, Mrpl16.
See also Figure S4 and Table S3.
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SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
four figures, three tables, and one movie and can be found with this article
online at http://dx.doi.org/10.1016/j.stem.2015.05.015.
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